Rickettsiae are responsible for some of the most devastating human infections. A high infectivity and severe illness after inhalation make some rickettsiae bioterrorism threats. We report that deletion of the exchange protein directly activated by cAMP (Epac) gene, Epac1, in mice protects them from an ordinarily lethal dose of rickettsiae. Inhibition of Epac1 suppresses bacterial adhesion and invasion. Most importantly, pharmacological inhibition of Epac1 in vivo using an Epac-specific small-molecule inhibitor, ESI-09, completely recapitulates the Epac1 knockout phenotype. ESI-09 treatment dramatically decreases the morbidity and mortality associated with fatal spotted fever rickettsiosis. Our results demonstrate that Epac1-mediated signaling represents a mechanism for host-pathogen interactions and that Epac1 is a potential target for the prevention and treatment of fatal rickettsioses.
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rickettsial infection | cyclic AMP | Epac inhibitor | therapeutics | prophylaxis R ickettsiae are responsible for some of the most devastating human infections (1) (2) (3) (4) . It has been forecasted that temperature increases attributable to global climate change will lead to more widespread distribution of rickettsioses (5) . These tickborne diseases are caused by obligately intracellular bacteria of the genus Rickettsia, including Rickettsia rickettsii, the causative agent of Rocky Mountain spotted fever (RMSF) in the United States and Latin America (2, 3) , and Rickettsia conorii, the causative agent of Mediterranean spotted fever endemic to southern Europe, North Africa, and India (6) . A high infectivity and severe illness after inhalation make some rickettsiae (including Rickettsia prowazekii, R. rickettsii, Rickettsia typhi, and R. conorii) bioterrorism threats (7) . Although the majority of rickettsial infections can be controlled by appropriate broad-spectrum antibiotic therapy if diagnosed early, up to 20% of misdiagnosed or untreated (1, 3) and 5% of treated RMSF cases (8) result in a fatal outcome caused by acute disseminated vascular endothelial infection and damage (9) . Fatality rates as high as 32% have been reported in hospitalized patients diagnosed with Mediterranean spotted fever (10) . In addition, strains of R. prowazekii resistant to tetracycline and chloramphenicol have been developed in laboratories (11) . Disseminated endothelial infection and endothelial barrier disruption with increased microvascular permeability are the central features of SFG rickettsioses (1, 2, 9) . The molecular mechanisms involved in rickettsial infection remain incompletely elucidated (9, 12) . A comprehensive understanding of rickettsial pathogenesis and the development of novel mechanism-based treatment are urgently needed.
Living organisms use intricate signaling networks for sensing and responding to changes in the external environment. cAMP, a ubiquitous second messenger, is an important molecular switch that translates environmental signals into regulatory effects in cells (13) . As such, a number of microbial pathogens have evolved a set of diverse virulence-enhancing strategies that exploit the cAMPsignaling pathways of their hosts (14) . The intracellular functions of cAMP are predominantly mediated by the classic cAMP receptor, protein kinase A (PKA), and the more recently discovered exchange protein directly activated by cAMP (Epac) (15) . Thus, far, two isoforms, Epac1 and Epac2, have been identified in humans (16, 17) . Epac proteins function by responding to increased intracellular cAMP levels and activating the Ras superfamily small GTPases Ras-proximate 1 and 2 (Rap1 and Rap2). Accumulating evidence demonstrates that the cAMP/Epac1 signaling axis plays key regulatory roles in controlling various cellular functions in endothelial cells in vitro, including cell adhesion (18) (19) (20) (21) , exocytosis (22) , tissue plasminogen activator expression (23) , suppressor of cytokine signaling 3 (SOCS-3) induction (24) (25) (26) (27) , microtubule dynamics (28, 29) , cell-cell junctions, and permeability and barrier functions (30) (31) (32) (33) (34) (35) (36) (37) . Considering the critical importance of endothelial cells in rickettsioses, we examined the functional roles of Epac1 in rickettsial pathogenesis in vivo, taking advantage of the recently generated Epac1 knockout mouse (38) and Epac-specific inhibitors (39, 40) generated from our laboratory. Our studies demonstrate that Epac1 plays a key role in rickettsial infection and represents a therapeutic target for fatal rickettsioses.
Results

Deletion of the Epac1 Gene in Mice Protects Them from Fatal
Rickettsiosis. To investigate the functional role of Epac1 in rickettsiosis, we generated an Epac1 knockout mouse (38) and Significance Our studies combining genetic and pharmacological manipulations provide convincing evidence that exchange protein directly activated by cAMP (Epac) 1 plays a critical role in fatal spotted fever group rickettsioses. Inhibition of Epac1 suppresses bacterial adhesion and/or invasion. Most importantly, we show that a small-molecule Epac inhibitor can prevent and suppress rickettsial infection. Our results demonstrate that Epac1-mediated signaling represents a mechanism for host-pathogen interactions and that Epac1 is a potential target for the prevention and treatment of fatal rickettsioses. This is significant from the biodefense viewpoint because it suggests that Epac1 inhibitor can be potentially used as a prophylaxis to thwart initial bacterial infection in the event of a bioterrorism threat.
challenged both Epac1
−/− and C57BL/6 wild-type (WT) mice with Rickettsia australis. The C57BL/6 mouse-R. australis model is an established animal model of human spotted fever group (SFG) rickettsiosis because the pathology involves disseminated endothelial infection and pathological lesions, including vasculitis in multiple organs, similar to what is observed in human RMSF (41, 42) . All of the WT mice became progressively ill starting on day 3 after inoculation, with typical signs of markedly ruffled fur, a hunched posture, and partially closed eyelids (Fig.  1A) . Eight of 12 WT mice died by the end of the 8-d experiment (67% mortality) (Fig. 1B) . To our surprise, most of the Epac1 −/− mice suffered only a very mild illness and only 2 of 17 Epac1 −/− mice died (12% mortality). Consistent with the morbidity and mortality observations, histological examination of WT mice tissues revealed severe vasculitis and perivasculitis in the testes and liver, interstitial pneumonia, and multifocal hepatocellular necrosis (Fig. 1C) . Immunofluorescent (IF) staining for rickettsial antigens and von Willebrand factor in tissue confirmed SFG rickettsiae infection in endothelial cells (Fig. S1) . Conversely, these typical pathological lesions associated with rickettsioses (41, 42) were largely absent from the Epac1 −/− mice given a dose of R. australis that normally kills at least half of the mice (Fig. 1C) . target IF studies on tissues from two cases of archival pediatric fatal RMSF also revealed increased Epac1 immunostaining signals within multiple rickettsial lesions located in the blood-brain barrier areas (Fig. 2B ). These in vivo observations of enhanced expression of Epac1 within rickettsial lesions, coupled with the fact that deficiency of Epac1 protects mice against rickettsial infection, suggest that Epac1 plays a critical role in fatal SFG rickettsiosis.
Deletion of Epac1 Impedes Rickettsial Attachment and/or Invasion into the Endothelial Cells ex Vivo. We next sought to determine the molecular and cellular mechanisms by which Epac1 might be involved in rickettsial pathogenesis. To determine whether lack of Epac1 directly impedes bacterial infection, we established an ex vivo vascular endothelial culture rickettsial infection model using aortic rings prepared from WT C57BL/6 and Epac1-null mice (Materials and Methods). Deletion of Epac1 nearly completely blocked rickettsial attachment and/or invasion into the endothelial layer of the aortic ring at 30 min postexposure to R. australis at a dose of 1 × 10 5 pfu per aortic ring while the endothelium of the aortic ring from WT mice was highly decorated by rickettsia (Fig. 3A) .
Inhibition of Epac1 Blocks Rickettsial Attachment and Invasion into
Nonphagocytic Host Cells. Taking advantage of a recently discovered Epac-specific inhibitor, ESI-09 (39, 40), we monitored the rickettsial infection process in human umbilical vein endothelial cells (HUVECs) exposed to 5 μM ESI-09 or a vehicle sham. As shown in Fig. 3B and Fig. S2 , exposure to ESI-09 significantly reduced intracellular and total bacterial counts in HUVECs at 30 min postinfection with 10 multiplicities of infection (MOI) of R. australis compared with similarly infected controls exposed to vehicle only. Moreover, IF staining revealed that Epac1 colocalized with rickettsiae ( Fig. 3C ) in the cytosol of HUVECs, whereas exposure to ESI-09 attenuated this interaction. An earlier investigation identified Ku70, a subunit of DNA-dependent protein kinase (DNA-PK), as a potential host cell receptor (43) . Indeed, IF analysis showed that Ku70 colocalized with the bacteria inside the cytosol of the HUVECs (Fig. 4) . Again, pharmacological inhibition of Epac1 using ESI-09 significantly reduced such interactions. Taken together, these data suggest that Epac1 plays a critical role in the early stage of rickettsial attachment and invasion into nonphagocytic host cells.
Pharmacological Inhibition of Epac1 Protects WT Mice from Fatal SFG
Rickettsiosis. Encouraged by the host protection data using the Epac1 knockout mouse model, we further explored the potential of using Epac pharmacological intervention as a therapeutic strategy for combating fatal SFG rickettsiosis. WT C57BL/6 mice, randomly divided into two groups, were treated with ESI-09 (10 mg·kg −1 ·d −1 ) or vehicle via i.p. injection for 5 d, followed by i.v. inoculation of R. australis. ESI-09 treatment was continued for another 7 d. As shown in Fig. 5 , treatment with ESI-09 dramatically protected WT mice against R. australis infection with much milder disease manifestations (Fig. 5A ) and significantly improved survival (Fig. 5B ). Only 1 of 11 ESI-09-treated mice died (9% mortality), compared with those of the vehicle-only group, in which 6 of 10 WT mice died (60% mortality) at the end of experiment. Histological evaluation confirmed that pharmacological inhibition of Epac significantly attenuated the pathological responses, resulting in milder vasculitis in the testis, occasional microvesicular hepatocellular fatty change, less interstitial inflammation in the lung, and immunohistochemical evidence of significantly less rickettsial antigen in tissues compared with the control group (Fig. 5C ). Such observations from in vivo pharmacological inhibition of Epac recapitulated data based on genetic Epac1 knockout mice. Taken together, these results demonstrated that Epac1 inhibition is an effective therapeutic strategy for fatal SFG rickettsiosis. ) and Epac1 −/− mice. Rickettsiae (red) were stained using alkaline phosphatase-fast red, whereas nuclei of mouse cells were counterstained with hematoxylin (blue). The light pink color in the periportal hepatocytes and connective tissue of the testis interstitium is nonspecific staining by the alkaline phosphatase-fast red. (Scale bars: 20 μm.)
Discussion
In this study, we probed the role of Epac1, a newly discovered family member of eukaryotic cAMP receptors, in the pathogenesis of rickettsiosis using both genetic and pharmacological approaches in vivo. The rationale behind the study is twofold. First, cAMP signaling has been extensively manipulated by microbial pathogens to facilitate their virulence both from functions within the pathogens themselves and their mammalian host cells (14) . Second, Epac1 has been implicated as a key player in regulating various functions in endothelial cells, a major target of rickettsial infection. The findings that the genetic deletion of Epac1 and its pharmacological inhibition protected mice from fatal rickettsiosis are noteworthy. Based on Epac1's published functions in cell-cell junctions and barrier functions (30-37), our initial prediction was that deletion or inhibition of Epac1 in mice would compromise the endothelial barrier and lead to a more severe response to rickettsial infection. To the contrary, both genetic deletion and pharmacological inhibition of Epac1 protect mice from an ordinarily lethal dose of rickettsiae. Rickettsiae-endothelial cell interactions are associated with several major steps, namely bacterial adhesion, invasion through induced phagocytosis, phagosomal escape for intracellular survival, bacterial replication, and motility enhancement for cell-tocell spreading (6, 9, 43, 44) (12) . Considering the lack of effective animal models for many microbial pathogens, the establishment of aortic rings ex vivo as an endothelial infection model will have a major impact not just on rickettsiosis but also on other studies of endothelial-related microbial pathogenesis. It represents a valuable tool for examining cellular and molecular mechanisms of pathogen infection, as well as for testing potential treatments for endothelial-related microbial pathogenesis that would not be possible otherwise.
Rickettsiae induce their internalization into host cells by a receptor-mediated invasion mechanism using Ku70 as a potential host cell receptor for rickettsial autotransporter protein outer membrane protein B (OmpB) encoded by the surface cell antigen 5 (sca5) gene (43, 46) . Considering that Epac1 is capable of promoting the nuclear exit of DNA-PK in various cell types (47) , it is conceivable that Epac1 may mediate rickettsial adhesion and/or invasion by modulating the cellular translocation of Ku70. However, in addition to Ku70, previous studies show that that entry of R. conorii into nonphagocytic mammalian cells also depends on actin and microtubule dynamics, the host endocytic machinery, and the activation of protein tyrosine kinases and lipid kinases (44) . Martinez and coworkers have reported that bacterial internalization correlates with cCbl-induced rapid ubiquitination of Ku70 and depletion of host clathrin and caveolin-2 inhibits OmpB-mediated rickettsial invasion of mammalian cells (43, 46) . Recent data also suggest that another related rickettsial autotransporter protein, OmpA (encoded by sca0), is sufficient to mediate integrin-dependent invasion of mammalian cells (48) . Epac1 is known to regulate all of the aforementioned cellular functions (45) , but the precise molecular mechanism(s) by which Epac1 controls rickettsial adhesion and/or invasion is not clear at this time. Further research into understanding the signal crosstalk between Epac1 and endocytic pathways hijacked by rickettsiae is currently ongoing.
In conclusion, our studies combining genetic knockout and pharmacological manipulations provide convincing evidence that Epac1 plays a critical role in fatal SFG rickettsioses. Studies based on genetic manipulations, such as knockout mouse models, are invaluable for unveiling physiological functions of a target gene through phenotypic characterization but have several potential limitations, such as secondary effects attributable to disruption of protein complexes, compensation, and/or adaptation. In addition, there are now many examples where genetics and pharmacology produce different phenotypes for the same target protein. Considering that many therapeutics are small molecules (49) , the combination of animal models and small molecular inhibitors enables us to reveal in vivo functions of Epac1 and to conclude that Epac1 plays a critical role in rickettsial infection. The fact that Epac1 knockout mice are viable and overall healthy suggests that the on-target toxicity of Epac1 inhibition should not be a major issue for the next phase of drug development. Taken together, these findings reveal an effective therapeutic target that can be used in fatal rickettsiosis. Most importantly, we show that a small-molecule Epac inhibitor can prevent and suppress rickettsial infection. This is significant from the biodefense viewpoint because it suggests that Epac1 inhibitors are capable of providing protection against bacterial infection and potentially be used as a small-molecule prophylaxis to thwart initial bacterial infection in the event of a bioterrorism threat.
Materials and Methods
Rickettsiae. R. australis (Cutlack strain) was provided by C. Pretzman (Department of Health Laboratory, Columbus, OH) and was passaged three times in Vero cells (ATCC CCL81; American Type Culture Collection) and four times in embryonated chicken yolk sacs in our laboratory. For ex vivo and in vitro experiments, a 10% (vol/vol) yolk sac suspension of R. australis was propagated through two passages in Vero cells. R. australis were isolated using a bead-based protocol, as described previously (12) . Purified rickettsiae were frozen in sucrose-phosphate-glutamate buffer at −80°C (12, 42) . Rickettsial counts and infectivity of the frozen stocks were determined by plaque assay and tissue culture ID 50 assays on Vero cells or HUVECs using established protocols (12, 42, 50) and yielded ∼1 × 10 9 infectious bacterial cells per milliliter. Uninfected Vero cells were processed by the same procedure as control material. The rickettsial stock was mycoplasma-free. All biosafety level (BSL) 3 or animal BSL3 experiments were performed in Centers for Disease Control and Prevention-certified facilities in the Galveston National Laboratory at the University of Texas Medical Branch (UTMB) using standard operating procedures and precautions.
Mice. All animal experiments were performed according to protocols approved by the Institutional Animal Care and Use Committee of UTMB. C57BL/6 Epac1 null mice were derived as described previously (38) . All mice used in this study were 8-to 12-wk-old males. C57BL/6 mice are highly susceptible to R. australis; therefore, this organism was chosen as the SFG rickettsial agent (41, 42) .
Rickettsial Challenge Study. Experimental animals (12 WT and 17 Epac1
−/− mice) were inoculated i.v. with 2 × 10 6 pfu per mouse of R. australis and observed daily for illness and survival. Five WT and eight Epac1 −/− mice were mock-infected and used as controls. Mice with markedly ruffled fur, a hunched posture, and partially closed eyelids were defined as severely ill and counted in the "ill" category (41, 42) .
Antibodies and Other Reagents. Anti-Epac1 mouse monoclonal antibody (mAb) (5D3) was purchased from Cell Signaling. Anti-Ku70 mAb (Clone 162) was purchased from Thermo Scientific. A rabbit polyclonal antibody against SFG rickettsiae was described previously (12, 42) . The unconjugated AffiniPure Fab fragment goat anti-mouse IgG (H+L) for immunohistochemistry (IHC) or IF using mouse tissues was purchased from Jackson ImmunoResearch Labs. Biotinylated goat anti-mouse and rabbit IgG, a fast red alkaline phosphatase substrate kit, and a 3,3′-diaminobenzidine (DAB) peroxidase substrate kit were purchased from Vector Laboratories. AlexaFluor 488-and AlexaFluor 594-conjugated goat anti-mouse and anti-rabbit IgG and ProLong Gold Antifade Reagent with DAPI were purchased from Invitrogen.
Histopathology and Immunohistology. Complete necropsies were performed on all experimentally infected and control mice. Samples of liver, lung, and testis were fixed in a 4% (vol/vol) neutral buffered solution of formaldehyde, embedded in paraffin, sectioned at 5-μm thickness, and processed by staining with hematoxylin and eosin for evaluation of histopathology and by IHC or IF microscopy for detection of SFG rickettsiae and Epac1 as described previously (12) . For IHC or IF studies on mouse tissue samples using mAbs, deparaffinized and rehydrated sections were blocked with unconjugated AffiniPure Fab fragment goat anti-mouse IgG (H+L) for 1 h at room temperature before incubation with mAb against Epac1 (dilution, 1:500) and rabbit polyclonal antibody against SFG rickettsiae (1:1,000) overnight at 4°C. Epac1 and rickettsiae were detected with biotinylated goat anti-mouse and anti-rabbit antibodies, respectively, followed by alkaline phosphatase-fast red and DAB reactions, respectively. For IF assays using archival human brain tissues, AlexaFluor 594 goat anti-mouse and AlexaFluor 488 goat anti-rabbit antibodies were used. Nuclei were counterstained with DAPI. Fluorescent images were analyzed using an Olympus BX51 epifluorescence or Olympus IX81 confocal microscope.
Ex Vivo Mouse Vascular Endothelial Assay for Rickettsial Infection. We established an ex vivo vascular endothelial culture model for rickettsial infection using aortic rings isolated from three WT and three Epac1 −/− mice. Briefly, aortae were first dissected from mice and then cleaned of adipose tissue and cut into five rings per mouse aorta. A total of 30 aortic rings were cultured for 48 h in Prigrow I medium (Applied Biological Materials) supplemented with 10% (vol/vol) FBS. Three rings per mouse were exposed to R. australis at 1 × 10 5 pfu per ring in medium, and the other two rings were incubated in uninfected medium until microscopic evidence of neocellular growth was present after 1 wk to confirm the viability of the cultures. At the end of the experiment, all aortic rings were fixed in cold methanol for 24 h at −20°C, cryosectioned at 5-μm thickness, and processed using IF reagents to detect SFG rickettsiae and Epac1 as described above.
In Vitro Rickettsial Infection Assay. For in vitro studies, HUVECs (Cell Application) were cultivated in Prigrow I medium supplemented with 10% (vol/vol) heat-inactivated FBS in 5% (vol/vol) CO 2 at 37°C. All experiments were performed between passages 5 and 7, and cells were maintained in Prigrow I medium with 3% (vol/vol) FBS. Before infection with 10 MOI of rickettsiae, HUVECs were exposed to 5 μM EIS-09 in Prigrow I media for 1 h and were kept exposed at this concentration throughout the infection. For IF staining to detect rickettsiae, Epac1, and Ku70, the cells on the coverslips were washed extensively at least three times in PBS before the cells were fixed with cold methanol for 24 h and processed according to IF protocols detailed previously for ex vivo and in vivo models. Cells were examined and IF images were captured with an Olympus BX51 image system using a final 100× optical zoom. The number of HUVEC nuclei and total bacteria in each microscopic field were manually enumerated (51, 52) . The results were expressed as the ratio of R. australis organisms to HUVECs (nuclei) (51, 52) . Ten microscopic fields were examined for each experiment. Data are representative of at least three experiments. P values were determined using a standard Student t test.
Extracellular and total rickettsiae in host cell preparation were determined as described previously (44, 51) . Briefly, at the end of the experiment, HUVECs were washed extensively and fixed in 4% (vol/vol) paraformaldehyde at room temperature before being subjected to the above described IF staining procedure. For detection of extracellular bacterial signaling, fixed HUVECs were incubated with rabbit polyclonal antibody against SFG rickettsiae (1:1,000) for 2 h at room temperature and then incubated with AlexaFluor 594 goat anti-rabbit antibody. To detect total bacterial signaling, stained HUVECs were permeabilized in 0.1% Triton X-100 in PBS before reincubation with rabbit polyclonal antibody against SFG rickettsiae antibody and AlexaFluor 488 goat anti-rabbit antibody. Cells were examined and IF images were captured with an Olympus BX51 image system using a final 100× optical zoom. The number of HUVEC nuclei, extracellular adherent rickettsiae (detected by red fluorescence emission), and total rickettsiae (detected by green fluorescence emission) in each microscopic field were manually enumerated (51, 53) . Intracellular invaded rickettsiae were calculated subsequently (44, 51) . Ten microscopic fields were examined for each experiment. The results were expressed as the ratio of R. australis organisms to HUVECs (nuclei) per examined field (51, 53, 54) . Data are representative of at least three experiments. P values were determined using a standard Student t test. During the course of the experiments, animals were monitored daily for signs of illness and mortality.
